The plant-parasitic cyst nematode Heterodera glycines requires a host plant to complete its life cycle, which involves hatching of infective juveniles that parasitize through root entry. A laboratory population of H. glycines grown on soybean, Glycine max, undergoes a sharp increase in maturity between 5 and 6 weeks in culture, as measured by the proportion of eggs containing well developed pre-hatch juveniles (late development eggs) versus eggs without visible juveniles (early development eggs). The median percent of eggs classified as late development, representing all samples taken from 4 to 7 weeks in culture, was 61%. For all samples taken up to 5 weeks, 80% scored below the median. In samples taken after 5 weeks, 15% scored below the median. This shift in population maturity was accompanied by a significant increase (P , 0.01) in the number of hatched juveniles present in each sample. There was also a significant increase (P , 0.02) in amount of FaRP-like peptide detected by specific ELISA. Total FaRP levels increased from 0.18^0.07 fMol FLRFamide equivalents per ng protein in early development eggs to 0.40^0.17 in late development eggs. The level remained high in hatched juveniles. HPLC/ELISA detected as many as nine potential FaRPs in H. glycines, two of which were specifically increased (P , 0.005) in hatched juveniles. The association of FaRPs with maturing eggs and the possible involvement of these neuropeptides with juvenile hatching and motility are discussed.
Introduction
Communication within organisms via chemical transmission is integral to development and metabolism, and central components of this communication are neuropeptides. As a group, neuropeptides are ubiquitous, numerous, diverse, and represented by both neural and endocrine neurotransmitters (Jacob & Kaplan, 2003) . Numerous families of neuropeptides have been identified in higher invertebrates, and their control of physiological processes in these organisms is well recognized (Keller, 1992; Muneoka & Kobayashi, 1992; Masler et al., 1993; Nassel, 2002; Klowden, 2003) . In nematodes, the FMRFamide-related peptides (FaRPs) are particularly abundant and have been widely investigated (Brownlee & Fairweather, 1999; Day & Maule, 1999) . FaRPs comprise an extensive family of C-terminally amidated peptides that have profound effects upon both visceral and somatic muscular functions in invertebrates (Thompson et al., 2003) .
These neuromuscular effects have figured prominently in the investigation of FaRPs as leads to anthelmintic discovery (Day & Maule, 1999; Geary et al., 1999; Marks et al., 1999; Davis & Stretton, 2001) . Eighteen FaRP sequences have been isolated and characterized from the animal parasite Ascaris suum (Day & Maule, 1999) , and electrophysiological experiments have revealed a varied and complex array of neuromuscular effects (Brownlee & Fairweather, 1999; Davis & Stretton, 2001) . One gene has been isolated (afp-1), and codes for 6 of the 18 A. suum FaRPs (Edison et al., 1997) . Two FaRP sequences have been characterized from a second animal-parasitic nematode, Haemonchus contortus (Keating et al., 1995; Marks et al., 1999) , and are identical to two A. suum FaRPs. In the free-living nematodes, five FaRP sequences have been isolated from Panagrellus redivivus. Three are unique to this species and two are identical to A. suum sequences (Geary et al., 1992; Day & Maule, 1999) . In Caenorhabditis elegans, 23 flp genes have been identified, coding for over 50 predicted FaRPs (Nelson et al., 1998) . Most of the C. elegans sequences are unique, but at least five are identical to sequences in A. suum and P. redivivus, and some may be developmentally regulated (Kim & Li, 2004) . At least 11 C. elegans FaRPs have been isolated and characterized (Marks et al., 1998 (Marks et al., , 2001 .
Among plant-parasitic nematodes, Globodera pallida contains at least five gpflp genes encoding 14 different FaRP sequences, three of which are identical to sequences in both A. suum and P. redivivus (Kimber et al., 2001) . FaRPs were detected and quantified in all developmental stages of the soybean cyst nematode Heterodera glycines, and differences occurred between H. glycines and freeliving nematodes . Presented here is evidence that H. glycines contains multiple FaRPs, and that both total and specific FaRP levels change during egg and juvenile development.
Materials and methods
Heterodera glycines (population NL-RHp) were reared on soybean Glycine max (cv. 'Kent') at 278C, 16 h light:8 h dark, in a constant moisture system according to Sardanelli & Kenworthy (1997) . Plants were inoculated with H. glycines eggs at a rate of 3000 per plant, and females were harvested from 28 to 50 days after inoculation (DAI). Depending upon planting and harvest sizes, 20,000 -400,000 eggs were obtained from any one collection. The total number of eggs was calculated by counting eggs in multiple representative aliquots of each collection. Juveniles (J2) in these collections were also counted. Aliquots of eggs were then examined under a light microscope (65x), and eggs were scored into one of two arbitrary categories for assignment of developmental stage. Eggs that appeared uniform, granular and opaque were scored as developmentally 'early' while those with a translucent appearance and an outline of a juvenile were scored as developmentally 'late'. For each egg collection, the proportion of eggs in the two developmental categories was determined, and was used to compare the developmental stage of all egg collections against DAI.
For the collection of freshly hatched J2 for FaRP extraction, eggs were maintained in tap water at 278C and J2 were collected daily and frozen. Eggs used for FaRP extraction and quantification were also frozen. Eggs and J2 were extracted by disruption in a ground glass homogenizer in 50% aqueous acetonitrile (CH 3 CN; EM Science, Gibbstown, New Jersey) acidified with 0.1% trifluoroacetic acid (TFA; Fluka, Sigma-Aldrich, St Louis, Missouri). Typically 20,000 -25,000 eggs or 30,000 -40,000 J2 were extracted in 3 ml of solvent. Extracts were agitated at room temperature for approximately 2 h and then were centrifuged (20,000 £ g, 20 min, 208C). The supernatants were collected and dried under vacuum.
The FaRP enzyme-linked immunosorbent assay (ELISA) was modified from Kingan et al. (1997) . The primary antiserum prepared against FMRFamide (Marder et al., 1987 ; gift of Eve Marder) recognizes the RFamide C-terminus. Secondary antibody (goat antirabbit IgG, Fc) was from American Qualex, LaMirada, California. A FLRFamide (Sigma) and horseradish peroxidase (Calbiochem, San Diego, California) conjugate was prepared using methods modified from Kingan et al. (1997) . Peptide and enzyme were mixed in a 7.3:1 molar ratio in 0.7% glutaraldehyde (Sigma) for 1 h at room temperature. The reaction was quenched for 1 h with 180 mM glycine (Sigma), and the conjugate was purified by size exclusion chromatography (SEC; Phenomenex BioSep 3000S, 300 £ 7.8 mm, 100 mM phosphate buffer, pH 7.0; Phenomenex, Torrance, California). ELISA standard curves were constructed using FLRFamide from 10 to 1000 fMol per well as the competing antigen. Data were analysed by linear regression and expressed in terms of FLRFamide equivalents.
Total protein was estimated using the microBCA protein assay (Pierce Chemical, Rockford, Illinois) using the manufacturer's protocol modified for 96-well plates.
For chromatography, dried extracts were dissolved in 50% CH 3 CN/0.1% TFA and injected onto an Eclipse XDB-C8 reverse phase column (150 £ 4.6 mm; Agilent Technologies, Palo Alto, California). Separations were performed at 500 ml min 21 using a linear gradient of 0.5% CH 3 CN min 21 in 0.1% TFA. Fractions were dried under vacuum.
Results
During growth of the infective H. glycines populations on soybean plants, there was a noticeable change in the ratio of early development and late development eggs ( fig. 1 ). Ten populations were sampled 23 times from 4 to 7 weeks after inoculation and, based upon our criteria for early and late eggs, a striking shift in development was observed between 5 and 6 weeks. The percent late eggs, as an indicator of development, increased significantly (P , 0.01). No significant difference was found between weeks 4 and 5 or between weeks 6 and 7. The median percent of late development eggs across all 23 observations was 61% ( fig. 1, horizontal dashed line) . All of the ten egg populations classified as early fell at or below the median, while 85% of the late population were above the median. The mean percent of late type eggs in early egg collections (45.6^3.6) was significantly lower (P , 0.001) than the mean percent of late types in late egg collections (68.2^2.5). Also, the number of hatched juveniles relative to the number of eggs was significantly lower (P , 0.01) in collections done at 5 weeks than at either 6 or 7 weeks, while no difference was detected in the juvenile/ egg ratio between 6 and 7 weeks.
Direct examination of total protein per egg showed no statistical difference between the amount extracted from the predominantly early pool (4 and 5 weeks) and the amount extracted from the predominantly late pool (6 and 7 weeks) (table 1). For comparison, J2 juveniles had significantly less protein (P , 0.01) than eggs. Because a main feature of cyst nematodes is muscular coordination required for hatching and infection and because FaRPs are neuromodulators, FaRP levels were compared across developmental categories in H. glycines. As the majority of FaRPs predicted in the isolated genes of the related cyst nematode G. pallida are xLRFamides, FLRFamide was chosen as the antigenic competitor in the ELISA. There was a significant (P , 0.02) increase in total FLRFamidelike immunoreactivity between early and late eggs (table 1) . On an individual basis, FaRP levels in the J2 stage were intermediate between the levels in the two egg stages. FLRFamide specific immunoreactivity, however, was highest in both the late egg and J2 stages, 2-to 4-fold greater than in early eggs.
FLRFamide-like FaRP immunoreactivity eluted primarily between 20% and 38% CH 3 CN on reverse phase HPLC ( fig. 2) . HPLC/ELISA profiles were similar but not identical in the two egg stages and J2. Nine distinct peaks eluted between 22 and 46 minutes in all stages ( fig. 2) . As a percentage of total immunoreactivity recovered from all column fractions, peak 3 was the most predominant in all three stages, representing an average of 30% of the total FLRFamide-like activity. In eggs, the second most abundant peak was peak 6, at 15% of total. Although there was an apparent decrease in this peak in J2, it was not significant. Also, no significant difference in the relative amounts of any of the nine evaluated peaks was detected between early (5 week) and late (7 week) stage eggs. In J2, seven of the nine peaks were similar in relative amounts to the corresponding peaks in the egg stages. However, two peaks (5 and 7) were significantly (P , 0.005) greater in juveniles than in either egg stage. Peak 5 in J2 (4.8^0.7 percent of total FLRFamide-like immunoreactivity) was nearly 2-fold greater than in either early (2.5^0.4) or late (2.6^0.3) eggs. Peak 7 in J2 (10.6^1.6 percent of total) was 1.8-fold and 2.2-fold greater, respectively, than in early (5.8^1.3) or late (4.91
.5) eggs.
Discussion
Post-embryonic development in H. glycines includes four juvenile stages and the adult. A moult from the first to second juvenile (J2) stage occurs within the egg. The J2 that hatch are infective and invade plant roots and parasitize the plant host under suitable conditions. Mature males and females develop within the root and, after 4-5 weeks, females producing from 200-300 eggs become partially exposed on the root surface. These 200-300 eggs are distributed between an external set of eggs contained in a secreted matrix, and the majority of eggs which are retained (encysted) within the female body (Thompson & Tylka, 1997) . Egg hatch occurs first in the external eggs, even if conditions for survival (e.g. presence of host plant) are not optimal. Encysted egg hatch is more restricted and occurs when environmental conditions are more favourable. This strategy protects Eggs were obtained from H. glycines females harvested from Glycine max cultures at 4, 5, 6 and 7 weeks after inoculation. Each collection was analysed separately for total protein and FLRFamide-like immunoreactivity. Data for weeks 4 and 5 and for weeks 6 and 7 were pooled separately as early 1 and late 2 collections. Data are expressed as mean^SEM of 5 to 6 individual collections. Means across rows followed by different letters are significantly different (P , 0.02). against environmental changes and assures successful reproduction of the species. Regardless of the conditions under which hatch might occur, however, juveniles within the eggs must all attain a required level of development to be capable of hatching. Part of this required development should be a compliment of regulatory molecules, such as FaRPs, that will coordinate hatching. Since not all eggs hatch at the same time, including those within the cyst, an accumulation of late maturity eggs should be expected. This is exactly what is observed when populations of H. glycines, cultured on G. max in a controlled environment, are sampled over time. Females available at any time following inoculation contain eggs representing a continuum of maturity. However, the distribution of eggs within this continuum clearly shifts as the culture ages. Between 35 and 42 days following inoculation, populations change significantly from containing primarily early or immature eggs to containing primarily late, mature ones. This is also expected if hatching does not occur in synchrony with egg maturation. At the same time that egg maturity of the population increases, the number of J2 relative to eggs also increases significantly, but only up to about 30 percent of total eggs. Again, this is expected given the hatch strategy of H. glycines. Post-embryonic development depends on nutrition from stored egg protein, vitellin, consumed and converted by the growing juvenile (Masler, 1999) . Conversion of egg protein into forms within the J2 that are less accessible to extraction methods might explain the significant drop in total protein from egg to J2. Alternatively, the J2 may not use some egg protein.
Nevertheless, J2 contain 20-50% less total extractable protein than eggs. In contrast, the level of FLRFamide-like FaRPs is significantly higher in the J2 stage than it is in less mature, early eggs, and the level increases as eggs mature. It is not clear why FaRP levels in mature eggs are higher than in J2. Perhaps there is a shift in the identities of the specific FaRPs expressed. For example, pre-hatch juveniles may accumulate a FaRP pool necessary to coordinate the intense neuromuscular activity associated with hatching. Following hatch, the pool could be altered quantitatively and qualitatively (e.g. by endogenous proteases that degrade peptide messengers; increased production of different FaRPs) to provide signals more suited to the locomotion and host-seeking requirements of the hatched juvenile. Nevertheless, the level of FLRFamide-like FaRPs relative to total protein increases significantly from early to late development eggs and remains so in the J2. This supports the argument that FaRPs are necessary for the regulation of muscular coordination required for hatching and juvenile motility.
Fractionation of both egg and J2 preparations demonstrates the presence of numerous FaRP-like immunoreactive peptides in H. glycines. The antibody used in this study recognizes the amidated C-terminus of FaRPs, and thus the antigens detected by the ELISA should represent mature, processed neuropeptides. The possibility exists that some of the peptides detected may be degradation products, but the extraction conditions used should mitigate this. There are nine peaks of FaRP-like immunoreactivity present in each of the developmental samples tested. This is in agreement with the general observation that nematodes contain multiple FaRPs, determined by both biochemical and molecular genetic methods (Nelson et al., 1998; Day & Maule, 1999) . However, the actual number of FaRPs present might be greater or lesser than estimated. Different FaRPs that elute under a single peak, FaRPs not recognized by the antibody, or FaRPs present at levels below the limits of the assay, would lead to underestimates. Conversely, single peptides eluting in multiple peaks as the result of endogenous methionine oxidation would result in an overestimation. The distribution of the fractionated H. glycines FaRPs is retained throughout egg development. This occurs even as total amounts and specific activity increase. However, in the J2 there is an increase in the levels of two of the nine peaks. Since not all selected peaks increase, the change in FaRPs contributing to these two peaks appears to be specific to the J2 stage. It is tempting to speculate that these FaRPs are specifically involved in some component of hatching. Since hatching Fig. 2 . FLRFamide-like HPLC/ELISA profiles from Heterodera glycines eggs collected at (a) 5 weeks (early) and (b) 7 weeks (late) after inoculation, and (c) from juveniles (J2). Extracts were fractionated as described in the text and individual fractions were assayed using the FLRFamide ELISA. Profiles (solid line) represent the ratio: fMol FLRFamide-like FaRP recovered in an individual fraction/total fMol FLRFamide-like FaRP recovered in all fractions. Ratios were calculated for 50 fractions, from 10-60 min, for 3-6 separate collections in each developmental category. Data are expressed as mean^SEM for each fraction. Peaks selected for analysis are numbered (1-9). Dotted line represents CH 3 CN gradient.
involves a sustained period of locomotory movements, the increased peaks may contain peptides specific for locomotion. As noted, some of the peaks separated by HPLC may be composed of more than one peptide, since the antibody does not distinguish between sequences ending in the RFamide signature. The use of alternative competing antigens and different conjugates might be helpful in revealing different developmental changes. Few non-FaRP neuropeptides have been defined in nematodes, in contrast to the numerous families of neuropeptides with specific physiological functions described in the higher invertebrates (Muneoka & Kabayashi, 1992; Masler et al., 1993; Nassel, 2002; Klowden, 2003) . In nematodes, however, the number of genes coding for FaRPs and the number of unique sequences are greater than in higher invertebrates (Taussig & Scheller, 1986; Merte & Nichols, 2002) . Perhaps specific FaRPs or FaRP combinations have multiple roles in addition to muscular coordination (Jacob & Kaplan, 2003) . Evidence suggests links between FaRPs and both feeding behaviour and carbohydrate metabolism in nematodes (Rogers et al., 2003; Rex et al., 2004) .
At least three gpflp homologs have been reported in H. glycines coding for FaRP precursors (AAO92291, AAO92292, AAP02990) that contain sequences for three different FaRPs (KHEYLRFamide, KSAYMRFamide, KNKFEFIRFamide). KHEYLRFamide is also present in A. suum and P. redivivus, and KSAYMRFamide is present in A. suum, H. contortus and P. redivivus. KNKFEFIRFamide so far has been detected only in cyst nematodes (Kimber et al., 2002) , although the biochemical homolog RNKFEFIRFamide has been characterized from A. suum (Davis & Stretton, 1996) and has been predicted in C. elegans (Nelson et al., 1998) .
Evidence presented here suggests that additional sequences are likely to be present in H. glycines. Further progress in the analysis of FaRPs in H. glycines will be made through molecular genetics and the identification of sequences through mass spectroscopy.
